In this work we address this research problem using molecular communication theory. We compare the mutual information and the information propagation speed for these communication signals. In addition we compare the impact of refractory period on the mutual information and information propagation speed for these signals in plants. The key result of this paper is that, based on the propagation mechanism, better communication performance can be achieved by electro-chemical signals as compared to mechanosensitive signals. We further find that a short refractory period leads to higher mutual information and propagation speeds.
I. INTRODUCTION
Plants use many different types of signals for inter-cellular information transfer. These different types of plant signals can play a significant role in various functionalities of plants. For example, these signals enable the plant to adapt to changes in the environment, i.e., to grow and develop in accordance with its surroundings. Examples of such signals include electro-chemical Action potential (AP) signals and mechanosensitive activation signals [1] , [2] . Both of these signals are generated in the presence of an external stimulus, which results in the flow of ions across the cell membrane [3] . For an AP signal, the external stimulus can be a change in temperature, pressure or a change in intensity of light, whereas for the mechanosensitive activation signal the external stimulus can be change in stress or force. As a result of generation of both AP and mechanosensitive activation
The associate editor coordinating the review of this article and approving it for publication was Marco Martalo. signals the plants respond by taking actions such as growth (i.e., photosynthesis) or decay. It is therefore important to compare the communication properties associated with these signals since the effectiveness of these different signals have a direct impact on the functionality of plants. Moreover, these two kinds of signal have distinct generation mechanisms and corresponding properties which we aim to discuss in this paper.
Any communication system consists of a transmitter which generates the signal, a channel which propagates the signal, and a receiver which interprets and acts on the signal. Once the AP or mechanosensitive activation signals are generated by the transmitter, the signalling molecules are released into the channel by the transmitter cell and transmitted using different propagation mechanisms. Specifically for the case of AP signals, the signalling molecules may be modelled using two different propagation mechanisms i.e., (a) diffusion and (b) fast movement of molecules. The mechanosensitive signals are modelled using diffusion based propagation of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ molecules. At the receiver, we consider a number of receiver cells in two different configurations i.e., series and parallel. This means that in general we consider two different type of communication signals in plants i.e., electro-chemical (with two different propagation mechanisms) and mechanosensitive signals. Additionally we consider two different configurations of receiver cells. In this paper we aim to compare the communication system performance, namely mutual information and propagation speed associated with both these signals used for the inter-cellular communication in plants.
Our previous works [4] - [6] presented a model for the generation and propagation of both the electro-chemical AP signals as well as the mechanosensitive activation signals. It is clear from the models in [1] , [7] , [8] that understanding of action potentials as well as mechanosensitive activation signals (generated by a mechanical stimulus) in plants is informed by molecular communication [9] , [10] , a communication paradigm inspired by the communication between living cells [11] . A key characteristic of which is the use of molecules as the information or signal carrier [12] - [14] , which is observed both in AP and mechanosensitive signaling. Another important aspect of this type of signals in plants is the refractory period. The refractory period can be defined as the waiting period during after which a new AP or activation signal is generated in plants. From the literature review [15] - [18] we learn that there is always a certain refractory period associated with the generation of multiple APs and mechanosensitive activation signals in plants.
The refractory period has a clear impact on the communication potential of either AP or mechanosensitive signals, as it limits the rate at which they can be generated. However, there has been little study of the communication effects of refractory periods in the literature.
We address two significant open problems in inter-cellular signaling. First, we realize a fair comparison of the communication properties of AP as well as mechanosensitive communication signals. We aim to address this problem by using the concepts from molecular communication theory. Second, we aim to study and compare the impact of refractory period on the communication system performance of different types of communication signals in plants by comparing the mutual information and propagation speeds. This paper makes the following two specific contributions: (a) We present a fair comparison of the communication properties (i.e., mutual information and information propagation speed) of different types of communication signal models in plants. (b) We compare the impact of refractory period on the communication system performance (i.e., mutual information and information propagation speed) for each of these signal type models. This paper is organized as follows. We start with related work presented in Section II. Next we describe the system model in Section III. In subsection IV we summarise the previous works and present mathematical models for generation of APs and mechanosensitive activation signals as a result of different stimuli in IV-A and IV-B respectively. Next we present the models for transmitter and propagation medium in subsection IV-C. This is followed by the models of diffusion and reactions in subsections IV-D and IV-E respectively. The combined diffusion-reaction model is then presented in subsection IV-F. The expressions for mutual information and information propagation speed are described in Sections V-A and V-B respectively. Next we discuss the impact of refractory period in Section V-C. In Section VI we present the numerical results and discussion. Finally Section VII concludes the paper.
II. RELATED WORK
The study of electro-chemicals signals and the associated physiological or biochemical response in plants is an active area of ongoing research [19] , [20] . An example of transmission of signals from cells with electrical responses to other cells is given in [21] . Electro-chemical ion based signals can influence different processes such as photosynthesis which is discussed in different works such as [22] , [23] . Similarly, the impact of electrical signals and plant tolerance is analyzed in [24] - [26] . Also the effect of electrical signals on different functionalities of plant are discussed in the literature, such as respiration [27] , gene expression [28] , hormone production [29] , ATP content [24] , and others. Furthermore the mechanisms relating to the influence of electro-chemical signals on physiological activity of plants (specifically its cells and environment) are studied in [30] . Some mathematical models of electro-chemical signals influencing different physiological processes in plants are presented in [31] .
Action potential signals (APs) in plants can be defined as a sudden change or increase in the resting potential of the cell as a result of some external stimulus [16] . In a plant AP, signals propagate from one cell to neighboring cells which are connected through plasmodesmata (a narrow thread of cytoplasm that passes through the cell walls of adjacent plant cells and allows communication between them) [19] . Some mathematical models for AP generation in plants are presented in [16] , [17] . The AP signal is associated with passive fluxes of ion channels such as calcium, chlorine and potassium in the cell [19] , [20] , [32] . This means that the stationary level of membrane potential (resting potential) is changed by an external stimulus leading to the generation of an AP signal.
On the other hand, mechanosensitivity can simply be defined as a response of the living cells to a mechanical stimulus. Mechanosensitive signals were initially discovered in living organisms in 1985 [33] . This was followed by a number of other works where mechanosensitive signals were discovered in a wide range of organisms from bacteria to plants, animals and humans [34] - [38] . Mechanosensitive ion channels function as mechanosensitive transducers, which generate an activation signal in response to a mechanical stimulus. In a mechanosensitive organism, mechanical stimuli can modulate different physiological processes at the cellular level,and can induce different biochemical processes inside a cell that may be transient or long term in nature. From the literature we learn that almost all types of living organisms and their individual cells respond to mechanical stimuli. The most common forms of a mechanical stimulus are stress or tension. For this reason mechanosensitive ion channels are often referred as stress gated ion channels. The biophysics of mechanosensitivity is well studied in literature. For example in [39] , the authors suggest that mechanosensitive channels are sensitive to the local stress or tension in the bi-lipid layer of the cell. In [40] , the authors note that mechanosensitive channels can sense stretch, vibration and touch in living organisms. According to [41] , mechanical stress activates the gating mechanism by producing tension in the bi-lipid layer of the cell membrane, which leads to the opening of the ion channels. The typical ions that enter the cell membrane are Na + , K + and Ca 2+ , and as a result of the fast flow of ions, an activation signal is generated in the transmitter cell. Note that this activation signal is different from an action potential since it is generated by a mechanical stimulus.
As suggested in [42] , mechanosensitive signals play a vital role in regulating cell growth and modifying the behaviour of cellular organisms. Similarly the electro-chemical AP signals can play an important role in the growth of plants. However to perform this function the cells rely on the information signals from each other to develop and grow in an organised manner [43] . The information transfer depends on the communication effectiveness of these signals (i.e., Action potential and mechanosensitive activation). This paper aims to address an open research problem of providing a fair comparison of the communication properties (i.e., mutual information and propagation speed) of these different type of signals for different receiver cell configuration by using molecular communication theory. We further study the impact of refractory period on the communication performance of these signals.
III. SYSTEM MODEL
In this paper we consider a system where different type of external stimulus induce an AP or a mechanosensitive activation signal for inter-cellular communication. We focus on studying the communication system properties associated with theses signals. We use two different models from our previous works: (a) A model for the generation of AP signals due to an external stimulus. (b) A model for the generation of mechanosensitive activation signals due to a mechanical stimulus. For the case (a) we consider two different propagation mechanisms i.e., diffusion as well as fast movement of molecules. On the other hand for case (b) we only consider diffusion based propagation of molecules. Furthermore, in this paper we use two different configurations of receiver cells i.e., series and parallel.
For both the configurations of receiver cells we assume that an external stimulus generates the AP or activation signal in the transmitter cell. This signal once generated relies on different mechanisms of propagation. The signal consists of a number of molecules released inside the transmitter cell due to an external stimulus as shown in Figure 1 . The number of molecules released by the transmitter cell are dependent on the magnitude of AP or activation signal. The transmitter cell emits these molecules in the medium where they propagate to the receiver using different mechanisms. One such mechanism is diffusion based molecular communication system. Another mechanism is fast propagation of molecules. As the signalling molecules reach the receiver, they react with receptors to produce output molecules as shown in Figure 2 . The number of output molecules in the receiver over time is the output signal of the communication link. We consider different configurations of receiver cells i.e., parallel and series which are shown in Figures 3 and 4 respectively.
In this work we consider a voxel model to describe the propagation of molecules between different cells as shown in Figures 5 and 6 for parallel and series configuration. Note that for the sake of simplicity we show a 2-dimensional setting however, the analysis will be 3-dimensional. The main objective of this paper is to study and compare the mutual information corresponding to AP and activation signals which are generated by different stimulus and using different mechanism of propagation between cells. We further study the impact of refractory period on the system performance. However, to do this we first present the VOLUME 7, 2019 FIGURE 2. Receiver cell emitting output molecules. 
IV. SIGNAL GENERATION MODELS
In this section we will present the mathematical models for generation of both the AP and mechanosensitive activation signals.
A. MODEL FOR ELECTRO-CHEMICAL AP SIGNALS
In this section we briefly present the simple model for AP generation that is proposed in our previous work [4] . For E R resting potential of the cell, the expression for new membrane potential E m as a result of an external stimulus (causing a change in ion-concentrations) is given as:
where
where the general term g i represents the electrical conductivity, E i represents the resting potential value for general ion channel i, F represents Faraday's constant and h i is the ion flow across the membrane and is given as: The term µ denotes the normalized resting potential and is given as:
The values of all these parameters are presented in Table 2 . To explain the terms in these equations: z is ion charge; R c is the gas constant; T c is the temperature; φ i (resp. η i ) is the probability that the ion is (resp. is not) linked to the channel on the inside; φ o and η o are the corresponding terms for ions linked (or not) to the channel on the outside; P m represents the maximum permeability of the cell; and p o represents the ion-channel opening state probability as a result of change in concentrations of ions. For k 1 (opening) and k 2 (closing) reaction rate constants we obtain p o as: dp o dt
Note that the channel k 1 (opening) and k 2 (closing) reaction rate constants depend on the membrane potential crossing a specific threshold value, resulting in AP signal generation. We also note that these rate constants are exponentially dependent on the membrane potential similar to [8] .
The AP signal propagates from one cell to another using molecular communication. We use a lattice of cells/voxels VOLUME 7, 2019 with transmitter T (in voxel 4) and three receiver cells R 1 -R 3 (in voxels 2,5,8) as shown in Figure 5 . Note that Eq. (2) only accounts for the change in the membrane potential due to an AP signal generated by an external stimulus. However the change in the potential can also occur as a result of Action potential signal from neighboring cells. This leads to the following equation:
where the term G TR i represents the electrical conductivity between the sensing cell T and the neighbor cell R i . The change in the potential can happen for two reasons i.e. (a) an AP signal from the neighbouring cell i.e., E TR i m and (b) an external stimulus generating an AP signal within the plant cell which propagates to receiver cells.
The input of the system U (t) i.e. the number of signalling molecules emitted by the transmitter cell driven by the AP and is dependent on E m :
where E m (which depends on p o and other parameters) is given by Equation (6) . Note that this U (t) acts as the system input. This relation means that when an AP signal is generated the transmitter emits a higher number of molecules as compared to no AP signal.
B. MODEL FOR MECHANOSENSITIVE ACTIVATION SIGNALS
The mechanical sensitivity of ion channels is similar to the voltage or electrical sensitivity. However in this case the channels change shape or conformation when it changes from closed to open state. For mechnosensitive channels the effect of stress or tension is to open the ion channels that enable ion flow across the membrane. A mechanosensitive channel can be defined as a stress-dependent equilibrium between the open and closed states as shown in [44] .
where K represents the equilibrium constant between the closed and open when there is no stress. If the cross-sectional area of the channel has a non-zero difference A = A open -A closed , then the contribution of membrane tension σ in the free energy of channel opening, G is given by the following expression as in [45] .
where the term G = −R c T c ln K represents the free energy for channel opening when there is no stress. R c is the gas constant and T c is the absolute temperature. The stress required to open half of channels at equilibrium i.e σ 1/2 is obtained when G = 0, this means:
This means that the response of the channel to the stress is dependent on the cross-sectional area. This expression is analogous to the trans-membrane voltage drop V 1/2 when half the channels are open and charge z moves across the membrane. Note that the sensitivity of the conformational equilibrium to stress is encoded by:
This shows that for higher value of A the shift in the equilibrium is higher in response to the applied stress. Hence the channel is more mechanosensitive. It is worth noting that the mechanosensitive channels can be experimentally studied using the patch clamp electrophysiology. However we leave this for a future work. If the channel is assumed to comply with the stress which results in A expansion in the membrane, then the work produced by the external force in this case would be σ A. This also means that a larger A is consistent with high flow of ions and as a consequence a higher activation signal. The channel opening probability depends on the applied stress,
A and A for a mechanosensitive channel and it is obtained by following Boltzmann relation [44] :
where K B is the Boltzmann constant. This equation can be reduced to following simplified form similar to [46] after some mathematical manipulations.
As a result of this channel opening the ions flow and activation signal is generated which is given by following equation:
where the conductance g i of each mechanosensitive channel can be defined as the proportionality between potential drop across the membrane and the ionic current flowing through the channel. V i can be defined as the non-zero initial voltage corresponding to the activation signal in channel i. The term g i can be given as:
where F represents Faraday's constant and h i , the ion flow across the membrane depending on the opening probability P o of the mechanosensitive ion channel as shown in following:
The term µ denotes the normalized initial potential corresponding to the activation signal. The rest of the terms are explained in Table 2 . Using V from Equation (14) we can calculate the ionic current flowing through the mechanosensitive channel by using the Ohm's law type equation.
where G c is the conductance of the mechanosensitive channel. This value varies for different organisms. For example the conductance G c of bacterial channels is usually in the order of nanoSiemen (nS). For example E.coli has conductance of 3 nS. The input of the system U (t) i.e., the number of molecules emitted by the transmitter cell driven by the ionic current in the channel given as:
where I c (which depends on on p o and other parameters) is given by Equation (17) . This relation means that as the magnitude of ionic current increases in the presence of stress arising from a mechanical stimulus, the transmitter emits a higher number of molecules.
C. TRANSMITTER AND PROPAGATION MODEL 1) TRANSMITTER CELL
In this paper we consider the system model as shown in We consider two types of propagation for the molecules generated. The first type of propagation is based on diffusion of molecules using Brownian motion. Whereas the second type of propagation is fast active propagation which does not include diffusion but only reactions in the system. As mentioned earlier electro-chemical signals are of two types based on the propagation mechanisms they follow. Whereas the mechano-sensitive signals only use diffusion-reaction propagation. In this paper we aim to describe both the diffusion and reaction only subsystems separately.
D. DIFFUSION MODEL
The diffusion of molecules between voxels is represented by the arrows shown in Figures 5 and 6 . The medium is assumed to be homogeneous with the diffusion coefficient D. The diffusion of molecules occur at a rate d = D 2 . Thus the probability that molecules diffuse to the next voxel in δt is given as dδt. Let n P,i be the number of molecules P in any voxel i. To explain this model in a simple manner, we consider an example of only four voxels in series with one transmitter and receiver voxel and arrows representing diffusion events as shown in Figure 6 . The state of system similar to [47] is given as:
where the superscript T denotes matrix transpose. As the diffusion of molecules occur between voxels the values in Equation (19) update. For example movement of molecules from voxel 1 to 2 will decrease n P,1 (by 1) and increase n P,2 (by 1). To indicate this we can use jump vector q d,1 (t) = [−1, 1, 0, 0] T . The state of system is updated as n P (t) + q d,1 after the occurrence of this diffusion event. The corresponding jump function is given by W d,1 (n P (t)) = dn P,1 . If J d represents the total number of diffusion events, then we have J d jump vectors q d,j and jump events W d,j (n P (t)) where j = 1, . . . , J d . As we combine the jump vectors and jump rate functions of all the diffusion events we obtain a matrix H for the medium in Eq (20) as follows:
We can easily model the diffusion events using a stochastic differential equation as follows: [48] , [49] as follows:
This equation is a form of chemical Langevin equation where γ j is a continuous-time Gaussian white noise. The first term describes the deterministic dynamics. Since all the jump rates of all the diffusion events are linear, this term can be written as a product of a matrix H and the state vector n L (t). The second term of Eq. (21) describes the stochastic dynamics whereas the third term models the emission rate of molecules emitted by the transmitter. 1 T is a unit vector with 1 at the T -th element with the subscript T being the index of the transmitter. Note that the SDE in Eq. (21) corresponds to the series configurartion example shown in Figure 6 . We can use the same approach for the parallel configuration example shown in Figure 5 with a different H matrix.
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E. REACTION MODEL
In this subsection we present the stochastic differential equation (SDE) governing the dynamics of a receiver. The receiver consists of a linearized form of ligand-binding reaction. In this reaction the molecules P react with receptors at the receiver end to produce output molecules X . This reaction consists of two linear chemical reactions mentioned below with their respective jump functions and jump rates:
where the term n P,R is the number of molecules in the receiver and n X is the number of output molecules. k 1 and k 2 represent the forward and reverse reaction rate constants respectively. The corresponding jump vectors indicate the change in number of both the input and output molecules. The corresponding state vector and SDE for the reaction model is given as: (25) In Eq. (25) the jump vectors q r,j and jump rates W r,j model the reactions in Eqs. (22) and (23). The term γ j is the continuous white noise which accounts for the noise in the system due to reactions. The subscript j (1 to 2) indicates the number of reactions. We define a matrix R in Table 2 to describe the reactions in Eqs. (22) and (23) . In the first reaction the input molecule P is consumed so R 11 = −k 1 . Whereas in second reaction the output molecule X reverts to signaling molecules so R 12 = k 2 . In the same way we obtain R 21 = k 1 and R 22 = −k 2 .
F. COMBINED DIFFUSION-REACTION MODEL
In this section we combine the SDE expressions for diffusion and reaction model to obtain SDE for the combined diffusionreaction system as:
where J = J d +2 is the sum of diffusion events and two reactions. The matrix A is defined by An(t) = J i=1 q j W j (n(t)) and has the following structure: (27) where H comes from Eq. (20) and can be defined as infinitesimal generator of a Markov chain which describes the diffusion of molecules. Similarly the R ii terms come from R matrix in Table 1 . We note that the coupling between the diffusion-only subsystem and the output module,takes place at the R-th row of A. Using Laplace transform of Eq. (26) we calculate N (s) which then leads to the mean number of output molecules in the system by using following equation from [4] :
This expression is used to compute the mutual information and information propagation speed of two cases i.e. for electro-chemical diffusion based and mechanosensitive signals. Whereas for the case of electro-chemical fast propagating signals this expression is used in modified form as follows:
This shows that for the case of electro-chemical fast propagating signal the A matrix is replaced by R matrix, since there is no diffusion in this case.
V. MUTUAL INFORMATION AND INFORMATION PROPAGATION SPEED A. MUTUAL INFORMATION
In this section we will derive of the mutual information expression for the diffusion-reaction combined system using the expressions in Eqs. (26) and (28) . We will only present the derivation for the case of electro-chemical diffusion based and mechanosensitive signals. For the derivation of mutual information expression for the electro-chemical fast propagating signal we use Eq. (29) .
To derive the mutual information we use the input number of molecules i.e. U (t) from Eq. (18) and the number of output molecules given by Eq. (26) . In this paper we use the same method as in [4] . From [50] we learn that for two Gaussian distribution random processes a(t) and b(t), the mutual information I m (a, b) is:
where aa (ω) (resp. bb (ω)) is the power spectral density of a(t) (b(t)), and ab (ω) is the cross spectral density of a(t) and b(t). To apply this result for our system, we need a result from [51] which computes the power spectral density of a system consisting only of chemical reactions with linear reaction rates. Assuming all the all the jump rates W j (n(t)) in Eq. (26) are linear, we obtain power spectral density of n(t) by using following:
where n(t) denotes the mean of n(t). The result in Eq. (31) models a linear time-invariant (LTI) stochastic system subject to Gaussian input and Gaussian noise. The power spectral density X (ω) of the output signal n X (t) is given as:
where u (ω) is the power spectral density of U (t), η denotes the stationary noise spectrum. | (ω)| 2 is the channel gain with (ω) = (s)| s=iω and is given by:
where (s) incorporates both the consumption of molecules and the interaction between the input and output molecules. η (ω) is the stationary noise spectrum and is given by: (34) where n(∞) is the mean state of system at time ∞ due to constant input. Similarly, by using standard results on the LTI system, the cross spectral density xu (ω) is:
By substituting Eq. (32) and Eq. (35) into the mutual information expression in Eq. (30), we arrive at the mutual information I (n X , U ) between U (t) and n X (t) is:
The maximum mutual information of the communication link can be determined by applying the water-filling solution to Eq. (36) subject to a power constraint on input U (t) [52] . For complete details see [4] .
B. INFORMATION PROPAGATION SPEED
To the information propagation speed we use the mutual information calculated (for the increasing number of receiver cells in different configurations) for both the electro-chemical and mechanosensitive signals. We use the approach described previously in [4] . To be specific we select a suitable threshold value of mutual information and calculate the time difference at which the mutual information curve for different cases (i.e. increasing number of receiver cells) crosses the threshold value. For this we use the following relation:
where t i,i+1 is the time difference at which the mutual information for each case crosses the threshold value. Note that E is the expectation operator. 
C. IMPACT OF REFRACTORY PERIOD
Refractory period is the minimum time between the occurrence of two successive APs or activation signals generated as a result of an external stimulus. Specifically it is the time period during which a new AP or activation signal cannot generated. In plants the refractory period varies over a wide range depending upon the stimulus and the adaptability of the plant to the stimulus. From literature [15] we learn that the average range of refractory period in different plants vary over a long range. In this paper we consider the range of 30-70 sec which covers most of the cases in plants. We aim to calculate the mutual information and information propagation speed for the increase in the refractory period from 30-70 seconds. This will help us to quantify and compare the impact of refractory period on on different type of communication signals in plants. The numerical results for the impact of refractory period on the communication properties of different signals are presented in the next section.
VI. RESULTS AND DISCUSSIONS
In this section we present the numerical results for the system considered in this paper. The parameters used for the generation of AP and activation signal are presented in Tables 2 and 3 respectively. Note that the parameters are carefully selected so that we can obtain a fair comparison of the communication properties of different types of signals.
In order to achieve this we use a realistic range of parameters from literature so that we can measure the mutual information when both the signals generate the same input. For the VOLUME 7, 2019 propagation mechanism, we assume a voxel size of ( First in Figure 7 we present the result for the generation of multiple action potential signals with the repeated effect of stimulus. The time period between two successive AP's is the refractory period which is about 70 sec for the parameters selected in Table 2 . Next in Figure 8 we show the result for the current of the activation signal generated by the mechanical stimulus. For both Figures 7 and 8 First in Figure 9 we compare the mutual information for these three types of signals in plants. We assume one transmitter cell and four receiver cells in the series configuration. The results show that for increasing number of receiver cells the electro-chemical fast propagating signal shows the highest mutual information which is followed by the mechanical(mechanosensitive) signal, whereas the electro-chemical diffusion based signal shows the lowest mutual information. In addition, we observe a general pattern in all three cases that the mutual information increases with the increase in the number of receiver cells. The parallel configuration of receiver cells show the similar results and are shown in Figure 10 . Furthermore we learn that for all three signal types, the mutual information is higher for series configuration of receiver cells as compared to the corresponding parallel configuration.
Next in Figure 11 we study the information propagation speed for three different types of signals in plants. Similar to previous case we assume one transmitter cell and four receiver cells in the series configuration. We learn that information propagation speed also shows the same pattern i.e. electro-chemical fast propagating signal performs best, followed by the mechanosensitive signals, whereas the electrochemical diffusion based signals have the slowest information propagation speed. We further learn that the information propagation speed tends to increase with the increase in number of cells. The parallel configuration of receiver cells show the similar pattern of results as shown in Figure 12 . Furthermore we learn that for all the signal types the propagation speed is higher for series configuration of receiver cells as compared to the parallel configuration. This is due to lower loss of molecules in series configuration as compared to parallel.
Finally in Figures 13 and 14 we compare the impact of refractory period on the mutual information and information propagation speed of different types of signals and for different configurations of receiver cells. We learn that as the refractory period increases from 30 msec to 70 sec, the mutual information and information propagation speed both tend to decrease. We further observe that electro-chemical fast propagating signal has the highest mutual information followed by mechanosensitive and electro-chemical diffusion signal. The results in Figures 13 and 14 are obtained for the series and parallel configuration of receiver respectively. We aim to further study the refractory period through experiments in future work.
VII. CONCLUSION
In this paper we compare the communication properties of different type of inter-cellular communication signals in plants. The key result of this paper is that the AP signals propagating by means of fast moving molecules yield better communication performance as compared to the mechnosensitive and AP signals using diffusion based propagation. We show this by comparing the communication parameters such as mutual information and propagation speed. We also realize that series configuration of receiver cells exhibit better results as compared to parallel configuration due to the lower loss of molecules in propagation. Furthermore we observe that a higher refractory period in plants leads to the reduction in the mutual information and information propagation speed for all three signals considered in this paper in different configurations. VOLUME 7, 2019 
